It has been well established that the volume of secretory vesicles can be modulated. However, we present the first data demonstrating that the amount of transmitter in a vesicle can regulate its volume. Amperometry and transmission electron microscopy have been used to determine that L-3,4-dihydroxyphenylalanine and reserpine increase and decrease, respectively, the volume of single pheochromocytoma cell vesicles as well as their catecholamine content. Because changes in vesicular catecholamine content are tracked by changes in vesicle volume, our results indicate that when quantal size is altered via the vesicular monoamine transporter the concentration of catecholamines within the vesicles remains relatively constant. This previously unidentified cellular response provides new insight into how catecholamines can be packaged in and released from secretory vesicles.
Amperometry and fast-scan rate cyclic voltammetry (FCV) have proven to be powerful techniques for investigating how the vesicular monoamine transporter (VMAT) can regulate the release of catecholamines from single vesicles at the single cell level (Pothos et al., 1996; Kozminski et al., 1998; Pothos et al., 1998a,b; Travis et al., 2000) . Although amperometry can be used to quantitate directly the number of electroactive neurotransmitter molecules released from single vesicles (Wightman et al., 1991; Chow et al., 1992) , FCV can be used to determine their concentration (Wightman et al., 1991; Kozminski et al., 1998) . Amperometric results at pheochromocytoma (PC12) cells and midbrain dopamine neurons have shown consistently that L-3,4-dihydroxyphenylalanine (L-DOPA) increases the quantal amount of released electroactive transmitter(s) (Pothos et al., 1996 (Pothos et al., , 1998a . However, a recent study using FCV determined that the relative concentration of electroactive transmitter(s) released from single PC12 cell vesicles is unchanged after exposure to L-DOPA (Kozminski et al., 1998) . Additional results using a relatively new method, patch amperometry, also have suggested that the concentration of released neurotransmitter remains constant when quantal size is altered (Albillos et al., 1997) .
Assuming the measurements obtained with amperometry and FCV reflect changes in the amount and concentration, respectively, of electroactive transmitter stored within single vesicles before release, then it can be hypothesized that when secretory vesicles increase their neurotransmitter content they also increase their volume. Although vesicle swelling has been shown to occur in a variety of cell types (Finkelstein et al., 1986; Green, 1987) , to the best of our knowledge it has yet to be determined whether the amount of neurotransmitter(s) stored within secretory vesicles can affect their volume.
To test this hypothesis, we have used pharmacological manipulations that directly affect the VMAT-mediated transport of catecholamines into PC12 vesicles. Transmission electron microscopy (TEM) has been used to measure changes in the size of PC12 vesicles, and these measurements have been correlated with the amount of neurotransmitter released by using amperometry. In this study we demonstrate that L-DOPA and reserpine can increase and decrease, respectively, quantal size and the volume of dense core vesicles in PC12 cells. Almost all of the volume changes under these conditions can be attributed to changes in the volume of the electron-lucent halo surrounding the dense core. These results indicate that the amount released from individual vesicles is related directly to their volume before secretion and suggest that vesicles regulate a constant concentration of neurotransmitter. It is proposed that water moving in and out of PC12 vesicles with changing amounts of catecholamines causes changes in vesicle volume and maintains catecholamines at a constant concentration. The physiological consequences of these findings in synaptic release are discussed also.
MATERIALS AND METHODS
Cell culture. Stock PC12 cells were generously provided by Dr. Dave Sulzer (Columbia University, New York, N Y) and maintained as described previously (Kozminski et al., 1998) . In brief, PC12 cells were grown on mouse collagen IV-coated culture dishes (Becton Dickinson, Bedford, M A) in RPM I-1640 medium supplemented with horse serum, fetal bovine serum, and penicillin /streptomycin. C ells were kept in a 7% C O 2 atmosphere at 37°C and were subcultured approximately every 7-9 d or when confluency was reached. C ells were used for all experiments between days 7 and 12 of subculturing.
Electrode preparation and e xperimental setup. C arbon fiber microelectrodes (5 m diameter) were constructed as described previously (Pothos et al., 1998b) and back-filled with 3 M KC l. Electrode tips were polished at a 45°angle on a diamond dust-embedded micropipette beveling wheel (Model BV-10, Sutter Instrument, Novato, CA). C yclic voltammograms were generated for each electrode in a nitrogen-saturated 0.1 mM dopamine solution (in 0.1 M PBS, pH 7.4), and only electrodes with stable I-E curves were used. C ells were prepared for an experiment by removing the culture medium and adding 15 ml of physiological saline [containing (in mM) 150 NaC l, 5 KC l, 1.2 MgC l 2 , 5 glucose, 10 H EPES, and 2 C aC l 2 , pH 7.4] and then placing them onto the stage of an inverted microscope (IM-35, C arl Z eiss, Thornwood, N Y). The working electrode was lowered gently onto a single cell by using a piezomicropositioner (PC S-750/1000, Burleigh Instruments, Fishers, N Y). The close proximity of the electrode to the cell surface was confirmed by a slight deformation in the outline of the cell.
E xocytosis was stimulated at ϳ30 sec intervals with a 5 sec, 20 psi pulse (Picospritzer II, General Valve, Fairfield, NJ) of physiological saline with 100 mM K ϩ from a micropipette cut to ϳ10 m and positioned 55-70 m from a cell. The concentration of NaC l in the elevated K ϩ solution was adjusted to maintain isotonicity. All cells were inspected visually after recording to verif y that the cell had not been damaged. All experiments were performed at 37 Ϯ 1°C. Culture dishes were warmed with a solid-state Peltier heating device (Bionomic System, 20/20 Technology, Wilmington, NC) .
Data acquisition and data anal ysis. Electrodes were held at ϩ0.65 V versus a locally constructed sodium-saturated calomel reference electrode that used a commercially available patch-clamp instrument (Axopatch 200B; Axon Instruments, Foster C ity, CA) configured as described previously (Borges et al., 1997) . The output was digitized at 5 kHz and filtered at 2 kHz by using an internal four-pole low-pass Bessel filter. Data were displayed in real time (Axoscope 1.1.1.14, Axon Instruments) and stored to a computer with no subsequent filtering. E xocytotic spikes were identified, and the spike characteristics-area (pC), t 1/2 (msec), and I max (pA)-were determined by using a multi-pass algorithm described previously (Schroeder et al., 1992) . Signals were designated as spikes if their I max values were six times the SD (typically 0.7 pA) of a 1 sec portion of stable baseline recorded before the first stimulation. All peaks identified by the program were inspected visually, and overlapping peaks were excluded manually from the data sets. Additionally, if a spike had a zero correlation with an exponentially modified gaussian f unction, it also was excluded (Jankowski et al., 1994; Schroeder et al., 1996) . On average, this was ϳ5% of the well resolved spikes.
Amperometr y e xperiments. A same-cell paradigm for the amperometry experiments has been applied. The same electrode was used to measure release from a cell before and after drug treatment. This approach minimizes cell-to-cell and electrode variability and, as a result, should be more sensitive to changes in spike characteristics as compared with measuring release from separate groups of cells (Pothos et al., 1998a; Colliver et al., 2000) . Additionally, with this technique it is possible to record from a cell within a fairly consistent time after treatment.
Data for the spike characteristics of area, t 1/2 , and I max are reported as ratio values created from the same PC12 cell before and after it was treated with drug. Each cell was stimulated at least twice, and the position of the electrode and injector relative to the cell were recorded. Then both were lifted above the cell and out of solution, and the cells were exposed to 100 M L-DOPA, 100 nM reserpine, or both by adjusting the physiological saline surrounding the cells. Drugs were dissolved in either physiological saline or dimethylsulfoxide (reserpine). After a 90 min incubation period the cells were rinsed with physiological saline without drug and were allowed to rewarm to 37°C. Postdrug measurements usually were obtained 15-17 min after rinsing by repositioning the working electrode and injector to their original location.
Histograms of raw spike characteristics are skewed heavily to the right. Because means from normal distributions should be less biased by outliers, we have created mean spike ratios from log-transformed values (Pothos et al., 1998b; Colliver et al., 2000) . To create spike characteristic ratios, we determined the area, t 1/2 , and I max values at a cell before (pre) and after (post) the incubation period. Then ratios for each characteristic were created by dividing the mean of log values after the incubation period by the mean of log values before treatment (i.e., mean of log post /mean of log pre). To obtain a reasonable estimate of pre and post mean spike values, we rejected any experiment in which at least 15 well resolved events were not measured from a cell after the first two stimulations that followed drug treatment. Additionally, to ensure reliable placement of the electrode, we used only cells that maintained their morphology during the incubation period.
Transmission electron microscopy (TEM). PC12 cells were treated with 100 M L-DOPA, 100 nM reserpine, or both of these drugs in physiological saline or with only physiological saline (controls) for 90 min at 37°C. Then the cells were rinsed with PBS, pH 7.4, and treated with 0.05% trypsin-EDTA (Life Technologies, Gaithersburg, MD) for 30 sec. The trypsin-EDTA solution was replaced with PBS, and the cells were dispersed into solution by flushing them off the culturing substrate. Single cell suspensions were transferred to Microf uge tubes and pelleted at 100 ϫ g for 10 min. C ell pellets were prepared for transmission electron microscopy (TEM) by using conventional chemical preparation (Dykstra, 1992) . Specifically, pellets were incubated overnight at 4°C in Karnovsky's fixative (Karnovsky, 1965) , osmicated (1% aqueous OsO 4 ), stained with uranyl acetate (2% aqueous), dehydrated in a graded series of ethanol and acetone, and embedded in Spurr's resin at 60°C for 48 hr. Thin sections (60 nm) were obtained on a Leica ultramicrotome (L K B III-8800, Ultracut E, Deerfield, IL) with a diamond knife (Diatome, Fort Washington, PA). Sections were counterstained with uranyl acetate and lead citrate (Venable and Coggeshall, 1965 ) before being viewed on a transmission electron microscope (1200EX II, JEOL, Peabody, M A) at 80 kV.
Quantitative analysis of vesicle structures was performed with SigmaScan (Version 5.0.0, SPSS, Chicago, IL). TEM images were imported into this software, and the limiting membrane of each vesicle and the perimeter of its dense core were traced. Once each object was inscribed, SigmaScan determined its diameter and cross-sectional area. Diameter was defined as the distance between the two most distal points on the initial trace. Only those cells in which at least part of the cell membrane and nucleus could be observed were considered to be "intact" and suitable for morphometric analysis. Additionally, only cells in which a minimum of 15 vesicles could be counted were used. In PC12 cells the vesicular monoamine transporter is preferentially localized to dense core vesicles (Liu et al., 1994) . Because electroactive monoamines are the only type of neurotransmitter(s) that can be detected from PC12 cells by using amperometry, only vesicles in which a dense core could be identified clearly were measured.
Initial experiments were performed to investigate the effects of L-DOPA on the volume of PC12 vesicles. For these experiments only sister cultures either with or without L-DOPA were prepared for imaging analysis. For subsequent experiments vesicle volume measurements also were acquired from cells exposed only to reserpine or to both reserpine and L-DOPA. To control for variabilities in the fixation method and the different ages of the cells that were used (Doupe et al., 1985) , we processed separate controls in parallel for cells under these treatment conditions.
Volume values were calculated on the basis of the simplified assumption that the vesicle structures were spherical. This assumption had no impact on the results because the same statistical trends were observed when either diameters or cross-sectional areas were compared between groups of cells (data not shown). Additionally, because vesicle measurements in each treatment group were compared with separate controls, no corrections for factors such as plane of section were made (Coupland, 1968) . As a result, the measured changes in volume reflect relative changes in vesicle morphology.
Statistical anal ysis. To ensure that cells with a large number of vesicles would not be over-represented within a treatment group, we calculated mean values for vesicle structures from each cell, and we statistically compared samples of mean values for different treatment groups, instead of pooled samples (Colliver et al., 2000) . Amperometric spike ratios and means of vesicle structures were tested for significant differences by using the Student's t test (SigmaStat Version 2.03, SPSS). Results for all tests were considered significant if associated p values were Ͻ0.05. All values are reported as the mean Ϯ SEM; all plots were created with SigmaPlot (Version 4.00, SPSS).
RESULTS

VMAT-mediated changes in quantal release
We have used a same-cell paradigm for amperometry experiments in which the same electrode is used to measure release from a cell before and after drug exposure. Ratios for spike area, t 1/2 , and I max were created from a cell by dividing the mean of log values after the incubation period by the mean of log values before treatment (see Materials and Methods). Peak area is defined as the time integral of each current transient, I max is the height of each peak, and t 1/2 is the width of each peak at one-half of its height. The area of each amperometric spike is directly proportional to the number of molecules detected from a single vesicle by the relationship Q ϭ nNF, where Q is the charge of each current transient, N is the number of moles, F is Faraday's constant (96,485 C/equiv), and n is the number of electrons transferred per oxidized molecule (this was assumed to be 2 for catecholamines). The values I max and t 1/2 have been shown to be dependent on several factors, including the number of molecules released (Pothos et al., 1996 (Pothos et al., , 1998a , the degranulation and extrusion of transmitter from the vesicle lumen (Wightman et al., 1995; Borges et al., 1997) , and the type and magnitude of filtering used during the recording.
Example data from a PC12 cell before (pre) and after (post) exposure to L-DOPA for 90 min are shown in Figure 1 . In agreement with previous work, exposure of PC12 cells to 100 M L-DOPA for 90 min significantly increased spike area and t 1/2 values ( Fig. 2) (Pothos et al., 1996) . Although I max ratios appeared to be increased by L-DOPA, this change was not significant when compared with that measured at control cells. When PC12 cells were treated for 90 min with 100 nM reserpine, a potent inhibitor of the VMAT (Varoqui and Erickson, 1997) , there was a significant decrease in peak area, t 1/2 , and I max values (Fig. 2) . Dimethylsulfoxide, the vehicle used for reserpine administration, had no significant effect on any of the spike characteristics (n ϭ 3; data not shown). In contrast to the effects independently elicited by both drugs, when PC12 cells were exposed simultaneously to 100 M L-DOPA and 100 nM reserpine for 90 min, spike characteristic ratios were not significantly different from those measured at control cells (Fig. 2) .
VMAT-mediated changes in vesicular volume
Representative TEM images from single PC12 cells are shown in Figure 3 . For all of the cells that were examined, dense core vesicles could be observed readily throughout the cytoplasm. Additionally, for all of the vesicles that were analyzed, a limiting membrane could be discerned clearly from the dense core. In general, the dense core vesicles resembled those described for PC12 cells prepared in a similar manner (Watanabe et al., 1983; Pozzan et al., 1984; Madeddu et al., 1985; Schafer et al., 1987; Hase et al., 1996) .
The mean diameter of the outer limiting membrane for all control dense core vesicles was 198 Ϯ 9 nm. This value is similar to those reported previously for PC12 cells (Schubert and Klier, 1977; Schubert et al., 1980) . Overall, the volume of PC12 dense core vesicles tracked the changes in quantal size observed in response to L-DOPA and reserpine (compare Figs. 2, 4) . When PC12 cells were treated with 100 m L-DOPA for 90 min, there was a dramatic increase in the volume of dense core vesicles (see Fig. 3b ). This increase was significant when compared with that of control values (Fig. 4 ) and corresponded to a 34% increase in vesicle diameter or a 141% increase in volume (relative to separate controls). Similar changes were observed when cells were treated with 100 M L-DOPA for 30 min, although the change was of a slightly smaller magnitude (data not shown). In contrast to the effects of L-DOPA, PC12 dense core vesicles were observed to decrease significantly in size after treatment with 100 nM reserpine for 90 min (see Figs. 3c , 4.). Similar to the results found with amperometry, there was no significant change in vesicle volume when PC12 cells were treated simultaneously with 100 M L-DOPA and 100 nM reserpine for 90 min (see Figs. 3d, 4) .
For each dense core vesicle that was measured, a space between the dense core and the limiting membrane could be identified. For simplicity, this structural component of the dense core vesicles will be referred to as the vesicle halo. To investigate changes independently in the volume of the dense core and vesicle halo for the data presented above, we calculated halo volumes by subtracting the volume of the dense core from that of the entire vesicle. For clarity, dense core and halo volume measurements for the different treatment groups have been plotted separately with their respective controls in Figure 5 . The decreased volumes observed for the second control group in Figure 5 are consistent with the fact that these cells were prepared for analysis at a later point in time (Doupe et al., 1985) . Although L-DOPA and reserpine were found to increase and decrease the volume of the vesicle halo, respectively, neither drug significantly affected the volume of the dense core (Fig. 5) . There was no significant change in either the vesicle halo or dense core volumes when PC12 cells were exposed simultaneously to L-DOPA and reserpine (Fig. 5) .
Estimating vesicular catecholamine concentration
When the average number of moles of neurotransmitter detected from control PC12 vesicles is combined with the average volume of all control vesicles, a concentration of 80 mM is obtained. Mean amperometric and TEM values combined from cells exposed for 90 min to L-DOPA, reserpine, and L-DOPA and reserpine yield concentration values of 65, 93, and 118 mM, respectively. These values are all close to 99 mM, previously estimated for untreated PC12 cells .
Although all of the estimated concentration values are similar in magnitude, it is not possible to compare single point estimates statistically for each experimental condition. Therefore, to investigate possible changes in concentration, we have plotted the mean number of neurotransmitter moles detected against the mean volume of PC12 vesicles. As shown in Figure 6 , there is a direct relationship between the mean vesicle volume and the mean amount of neurotransmitter released. Assuming that changes in Figure 2 . Summary of spike characteristic ratio values created at individual PC12 cells. Ratios for each characteristic were created at a cell by dividing the mean of log values after the incubation period by the mean of log values before treatment (see Materials and Methods). Ratios created from control cells (i.e., cells not exposed to drug during the 90 min incubation period) yielded ratio values close to 1. Under control conditions there was an average of ϳ194,000 Ϯ 13 molecules released per vesicle. This value is slightly greater than those reported previously [114,300 (Chen et al., 1994) ; 74,736 (Pothos et al., 1996) ] and could be attributable to differences in culturing protocols and/or experimental conditions. For the ratios presented, an average of 159 Ϯ 29 and 104 Ϯ 13 amperometric values was used to determine pre and post means, respectively. Error bars represent the mean Ϯ SEM of spike characteristic ratio values for the different experimental conditions (Control, n ϭ 6; L-DOPA, n ϭ 7; Reserpine, n ϭ 5; L-DOPA & Reserpine, n ϭ 5). Values marked with *** are statistically different with p Ͻ 0.001, **significant difference with p Ͻ 0.01, and *significant difference with p Ͻ 0.05 versus control (Student's t test).
quantal size reflect changes in the amount of neurotransmitter(s) stored within PC12 cell vesicles, these results suggest that PC12 vesicles can adjust their volume when accommodating different amounts of neurotransmitter to regulate their neurotransmitter concentration.
DISCUSSION
Effects of L-DOPA and reserpine on quantal size and vesicular volume
Treatment of PC12 cells with L-DOPA increases the volume of dense core vesicles as measured by TEM (see Figs. 3b, 4) . If L-DOPA stimulates exocytosis, then it is possible that the increase in vesicle volume that is observed after treatment with L-DOPA could result from the influx of extracellular solution into the vesicles during membrane fusion (Breckenridge and Almers, 1987; Zimmerberg et al., 1987) . However, on the basis of the morphological criteria used in previous studies of PC12 cells, all vesicle measurements were felt to reflect the morphology of dense core vesicles that were not actively involved in exocytosis (Watanabe et al., 1983; Madeddu et al., 1985; Hase et al., 1996) . Most notable were the extremely rare vesicle-plasmalemmal appositions and the complete lack of exocytotic profiles. These findings are not unexpected, because the fusion process is very rapid and presumably difficult to catch (Watanabe et al., 1983; Madeddu et al., 1985) . Our results, therefore, are inconsistent with a mechanism in which vesicles swell as a result of undergoing exocytosis, and so another mechanism has been considered.
As shown in Figures 2 and 4 , reserpine blocks the increase in quantal size and vesicle volume caused by L-DOPA. These results confirm that the changes in quantal size and vesicle volume are VMAT-mediated. Because L-DOPA can augment intracellular DA levels (Pothos et al., 1996) , the observed increases in quantal size and vesicle volume are likely attributable to the uptake of excess cytoplasmic neurotransmitter via the VMAT. When used alone, reserpine decreases vesicle volume and quantal size.
Reserpine is known to block catecholamine uptake by binding to the VMAT (Varoqui and Erickson, 1997) . Recently, two types of neurotransmitter efflux from isolated rat synaptic vesicles have been described: one that is dependent on neurotransmitter uptake by the VMAT and one that is not (Floor et al., 1995) . The decrease in quantal size and vesicle volume in the presence of reserpine presumably results from the persistence of an uptake-independent efflux of neurotransmitter. Although reserpine blocked the L-DOPA-mediated increase in quantal size and vesicular volume, L-DOPA also blocked the extent to which reserpine could decrease the transmitter content and volume of PC12 vesicles (see Figs. 2, 4) . L-DOPA increases intracellular levels of monoamines in PC12 cells (Pothos et al., 1996) . The decreased ability of reserpine to deplete vesicles in the presence of L-DOPA may be attributable to the fact that binding of reserpine to the VMAT can be inhibited competitively by concentrations of monoamines in the low micromolar range (Scherman and Henry, 1984; Varoqui and Erickson, 1997) . When cells are exposed to reserpine alone, monoamine levels are presumably lower and less capable of competing with reserpine for the VMAT.
Mechanisms regulating vesicle volume and catecholamine concentration
Dense core vesicles of adrenal chromaffin cells contain high (mM) concentrations of catecholamines, ATP, and ions such as Ca 2ϩ (Winkler and Westhead, 1980) . In adrenal chromaffin vesicles these high concentrations are partially maintained by associations between small molecules and ions and the soluble acidic proteins within the vesicle matrix (Kopell and Westhead, 1982; Yoo and Albanesi, 1991; Videen et al., 1992) . By reducing the number of free molecules and ions within solution, these associations provide a mechanism for reducing the intravesicular osmotic pressure, facilitating the storage of high concentrations of transmitter within the small volume of the vesicle (Kopell and Westhead, 1982; Haigh et al., 1989) . Because PC12 cells are derived from the rat adrenal gland (Greene and Tischler, 1976) and the structure and composition of dense core vesicles in these cells resemble those found in normal chromaffin cells (Tischler and Greene, 1978; Wagner, 1985; Fischer-Colbrie and Schober, 1987) , it is reasonable to assume they store catecholamines in much the same way.
As shown in Figures 2 and 5 , the volume of the halo of dense core vesicles is affected directly by changing amounts of catecholamines within PC12 vesicles. If binding sites within the dense core are saturated normally, then, as suggested by Figure 5 , excess transmitter accumulated by PC12 cell vesicles would be stored outside of the dense core. Experiments with dense core vesicles from chromaffin, mast, and splenic nerve cells in hypotonic solutions have demonstrated that vesicles can accumulate water and increase their volume to keep their contents in osmotic equilibrium with their environment (Thureson-Klein et al., 1975; Sudhof, 1982; Brodwick et al., 1992) . On the basis of these findings, it is possible that after exposure to L-DOPA the increased levels of osmotically active material within PC12 vesicles lead to the uptake of water and an increase in vesicle volume. Similar mechanisms could be used to explain the decrease in vesicle volume caused by reserpine.
Balancing the amount of water within PC12 vesicles with the amount of excess catecholamine would keep the vesicle interior in osmotic equilibrium with the surrounding cytoplasm. More importantly, proportional changes in the water content of the vesicles with changing levels of catecholamines would ensure that the vesicular catecholamine concentration remains constant when catecholamine levels are altered (Fig. 6) . A physiological advantage to keeping the vesicular catecholamine concentration constant during Although mean values are shown in this figure, the same statistical trends were observed when the data were pooled from each group and statistically compared. Figure 6 . Correlation between the amount of neurotransmitter detected and the volume of PC12 dense core vesicles. Point estimates for moles of catecholamine released per vesicle and vesicle volume were determined from PC12 cells after treatment with 100 M L-DOPA (OE), 100 nM reserpine (F), or only physiological saline (f) for 90 min. After treatment with reserpine, one cell continued to release an unusually large amount of neurotransmitter with an apparent concentration of 450 mM per vesicle. This cell was excluded for these comparisons. Amount and volume values measured from PC12 cells simultaneously exposed to L-DOPA and reserpine are similar in magnitude to those measured from control cells. For clarity, these values have been excluded from this figure. When amount and volume values measured from PC12 cells simultaneously exposed to L-DOPA and reserpine for 90 min and to only L-DOPA for 30 min are combined with those shown above (i.e., for a total of five treatment conditions), the calculated correlation coefficient is 0.892. vesicle loading is that the VMAT does not have to work against a continually increasing concentration gradient.
Using large lecithin vesicles, Kwok and Evans have shown that the bilayer membrane of a vesicle can rupture once its surface area increases by ϳ2-3% (i.e., a 1.5% change in diameter; Kwok and Evans, 1981) . However, results presented here and in previous studies (Zimmerberg et al., 1987; Brodwick et al., 1992; Jena et al., 1997) clearly demonstrate that vesicles can increase their volume beyond this limit. In one account for the apparent discrepancies between observed and predicted limits for increases in vesicle volume, it has been suggested that the membrane of dense core vesicles is flaccid against the dense core before swelling and that the extra membrane is used during membrane expansion (Zimmerberg et al., 1987; Brodwick et al., 1992) .
Alternatively, EM studies of adrenal cell vesicles have identified small lipid vesicles present between the dense core and the vesicle membrane (Ornberg et al., 1986) ; it has been hypothesized that these structures contribute material to vesicle membranes when they expand (Ornberg et al., 1995) . Regardless of the mechanism(s) used by PC12 vesicles to increase their volume, it appears that there is a limit to which vesicles can expand (Kwok and Evans, 1981; VanderMeulen and Grinstein, 1982) . Therefore, it is possible that the physical properties of vesicle membranes also may be an important factor in the modulation of quantal size.
Implications in synaptic release
Understanding communication between mammalian neurons is the ultimate goal of most neuronal studies. Although postsynaptic recordings have demonstrated that changes in quantal release affect postsynaptic responses (Van der Kloot, 1987; Song et al., 1997) , the relatively large size of electrodes currently available makes it difficult to determine how changes in quantal release affect the synaptic environment. However, results with FCV at PC12 cells have shown that, after exposure to L-DOPA, the relative concentration of vesicular transmitter released is unchanged when compared with that of untreated cells (Kozminski et al., 1998) . If the concentration of transmitter released from individual vesicles remains constant in the synapse when quantal size is altered, then it is unclear how changes in quantal size alter postsynaptic responses.
Using the dimensions for a typical dopamine synapse found in the rat neostriatum, we can show that the distance across the synaptic gap is similar to the diameter of the synaptic vesicle (Pickel et al., 1981) . If it is assumed that the contents of a vesicle are released into the synapse faster than they can be diluted, then because of the restricted volume within the synapse, material released from a vesicle would experience little initial dilution and would move rapidly away from the point of release at a relatively constant concentration. Using an estimate of 7000 molecules per quantal event (Pothos et al., 1998a) and an average vesicle radius of 25 nm (Pickel et al., 1981) , the concentration of dopamine within and released from single dopamine vesicles would be ϳ75 mM. Because this concentration is much higher than the K D for dopamine receptors (low nM; O'dowd et al., 1994) , it appears that even under normal conditions synaptic dopamine receptors are saturated after a release event.
If synaptic vesicles completely release their contents during exocytosis, then an increase in quantal size would increase the vesicular volume and the volume of concentrated neurotransmitter released into the synapse immediately after an exocytotic event.
Because of the larger volume of concentrated neurotransmitter in the synapse, an increase in quantal size would increase the number of postsynaptic receptors initially activated. Using similar reasoning, a decrease in quantal size may result in fewer receptors initially activated after a release event. Therefore, the model presented here is that the volume of transmitter released in each exocytotic event, and not the concentration, dictates the number of postsynaptic receptors initially activated. This suggests that the concentration of released neurotransmitter is not important until after the initial response and perhaps not until the transmitter escapes the synapse on its way to affecting other nearby cells (Garris et al., 1994) .
